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A method and a magnetic resonance tomography unit for
tracking a medical instrument are disclosed. In the method,
a tracking volume is defined enclosing a predefined trajec-
tory of the medical instrument. Two-dimensional (2D) pro-
jection images of the tracking volume in presence of the
medical instrument are acquired with the magnetic reso-
nance tomography unit from two different view angles.
Reference 2D images for the two view angles are deter-
mined and a background of the 2D projection images is
suppressed. Two sets of 2D coordinates of the medical
instrument are extracted from the two 2D projection images
and combined to a 3D coordinate set and output on a display.
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1
DEVICE AND METHOD FOR 3D REAL-TIME
MEDICAL INSTRUMENT TRACKING

The present patent document claims the benefit of Euro-
pean Patent Application No. 23153006.4, filed Jan. 24, 2023,
which is hereby incorporated by reference in its entirety.

TECHNICAL FIELD

The disclosure is related to a method and a magnetic
resonance tomography unit for tracking a medical instru-
ment. A tracking volume is defined enclosing a predefined
trajectory of the medical instrument. Images of the tracking
volume in presence of the medical instrument are acquired
with the magnetic resonance tomography unit and coordi-
nates of the medical instrument are extracted and output on
a display.

BACKGROUND

Magnetic computer tomographs are imaging facilities,
which, for imaging an examination object, align nuclear
spins of the examination object with a strong external
magnetic field and excite them with a magnetic alternating
field for precession about this alignment. The precession or
return of the spins from this excited state back into a state
with lower energy in its turn creates as a response a magnetic
alternating field, which is received via antennas.

A spatial encoding is impressed on the signals with the aid
of magnetic gradient fields, which subsequently makes it
possible to assign the received signal to a volume element.
The received signal is then evaluated and a three-dimen-
sional (3D) image representation of the examination object
is provided.

Such full 3D image acquisition requires some time to
reach a sufficient image quality, in particular signal to noise
ratio. Furthermore, most medical instruments made from
metal or plastics cannot be imaged directly by the magnetic
resonance tomography, as the material of the instrument
does either provide no magneto-resonance active spins or at
least not at a frequency like the Larmor frequency may be
used for imaging the water in the body of a patient. Unless
the medial instruments are provided with magnet-resonance
active materials or devices, which add to the dimensions of
the device or are costly, the imaging of the medical instru-
ment relies on indirect effects like absence of water in the
device or artefacts generated by the conductivity or different
susceptibility of the material of the medical device, which
makes imaging even more difficult. When real time tracking
of a device is required, the short integration times do not
allow full 3D imaging at a sufficient image quality.

SUMMARY AND DESCRIPTION

It is therefore an object of the disclosure to improve the
tracking of a medical instrument.

The object is achieved by a method for operation of a
magnetic resonance tomograph and by a magnetic resonance
tomograph as described herein. The scope of the present
disclosure is defined solely by the appended claims and is
not affected to any degree by the statements within this
summary. The present embodiments may obviate one or
more of the drawbacks or limitations in the related art.

The method as described herein is a method for tracking
a medical instrument with a magnetic resonance tomograph
in real time. “Real time” in this context means that the image
repetition rate is high enough such that an operator may
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track and control the movement of the medical instrument,
e.g., with an image repetition rate higher than 1 f/s (frames
per second), 5 f/s, or 10 1/s.

The method is executed by a magnetic resonance tomo-
graph that includes a control unit for controlling all sub-
systems like gradient generation and radio frequency (RF)
transmission and reception for image acquisition and also
for the image reconstruction, analysis, and display. The
control unit may also be separated in different sub-systems
for each task.

In one act of the method, a tracking volume is defined or
determined by the control unit. A tracking volume is defined
as a volume in the field of view of the magnetic resonance
tomograph which encloses a predefined trajectory of the
medical instrument. The predefined trajectory may be
entered by an operator or transferred as data from a treat-
ment planning system. The trajectory describes a path along
which the medical instrument shall be moved. The tracking
volume may be determined by a cuboid wherein the surfaces
are determined by six planes orthogonal to the axes of a
coordinate system in which the trajectory is defined. The
coordinates where the planes intersect with the axes are the
minimum and the maximum value of the coordinate of the
trajectory along each axe. Other non-orthogonal coordinate
systems and tracking volumes may also be considered,
wherein the trajectory is included by the tracking volume.
The tracking volume may also be changed during execution
of the method, which might be considered as starting with a
new instance of the method.

In another act of the method, a first two-dimensional (2D)
projection image of the tracking volume is acquired by the
control unit in presence of the medical instrument with the
magnetic resonance tomography unit. The tracking volume
is, as explained before, a three-dimensional volume that
extends in all three directions of space. In particular, for the
object to be imaged with a resolution of r, (i.e., the volume
elements to be image being cubes with a side length r), the
tracking volume has an extension in each dimension of a
multiple of r. A 2D projection image of the tracking volume
is a 2D image, (i.e., an array of pixels arranged in a matrix
in a 2D surface, e.g., a plane or a piece of a plane). The plane
may be considered as a section plane through the tracking
volume.

Each pixel is assigned a value. In a 2D projection image,
this value is not assigned to the magnetic resonance signal
of a single volume element or voxel in the tracking volume
but derives from a plurality of voxels arranged along a line
through the pixel in a projection direction. The projection
direction may be perpendicular to the 2D surface. In certain
examples, the values of each voxel along the line sum up to
a value assigned to the pixel. This is similar to a 2D X-ray
image, wherein the attenuation factors of all volume ele-
ments along the x-ray beam direction sum up to the pixel
value in the x-ray image.

The contrast of the image acquisition of the first 2D
projection image may be enhanced by contrast improving
steps like partial saturation pre-pulses.

In a similar way, in another act, a second 2D projection
image is acquired. A first projection direction or projection
vector for the first 2D projection image is different from a
second projection vector of the second 2D projection image.
The first projection vector and the second projection vector
enclose an angle larger than 30 degrees or 60 degrees, (e.g.,
equal to 90 degrees), such that the 2D projection images may
be used as 2D maps showing the tracking volume from
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different viewing directions, as discussed below. In certain
examples, the projection vectors are orthogonal to planes of
the 2D projection images.

In another act of the method, a first reference 2D image
is determined by the control unit. A reference 2D image is
an image similar to the first and second 2D projection image.
It shows the tracking volume under the same viewing
direction or projection direction. In particular, a reference
2D image depicts features of the patient in the tracking
image, which do not change with the movement of the
medical instrument. Such a reference 2D image may be
derived from a separate image acquisition in absence of the
medical instrument. Alternatively, a reference 2D image
may be computed by the control unit from previous first and
second 2D images, eliminating the variable effects caused by
the moving medical instrument.

In another act of the method, in a similar way, a second
reference 2D image is determined by the control unit, having
the same viewing direction or projection direction as the
second 2D projection image.

In another act of the method, a background is suppressed
or removed from the first 2D image as a function of the first
reference 2D image by the control unit. As the first 2D
reference image and the first 2D image represent the same
volume from the same perspective, the background may be
suppressed by a subtraction of the pixel values of the first 2D
image minus the first 2D reference image. As the images
may differ slightly by contrast or an offset, some corrections
may be required to achieve best results. The pixel values
may be scaled by a linear function y=ax+b before subtract-
ing, wherein y is the pixel value for the first 2D image and
x the pixel value for the first 2D reference image. The values
for the scaling function may be determined by an optimi-
zation problem, e.g., minimizing the sum of the square
values of the difference of the image pixel values (LSQR).

In another act of the method, the control unit determines
a first set of coordinates of the medical instrument from the
first 2D image after background suppression. In this image,
major contrast shall be caused by the medical device. For
example, an algorithm for detecting areas of high contrast
may therefore be applied to determine the contour of the
medical instrument. Other image analysis algorithms may be
used, as well as neuronal networks and/or Al trained with
images of the medical instrument at known coordinates.
With the coordinates of the contour in the image, coordinates
of the medical instrument in the plane of the image may be
determined using the mapping relation of the imaging pro-
cess of the magnetic resonance tomograph.

In a similar way, in another two acts of the method, a
background is suppressed or removed from the second 2D
image as a function of the second reference 2D image by the
control unit and a second set of coordinates in the image
plane of the second 2D reference image or the second 2D
image of the medical instrument is determined from the
second 2D image by the control unit.

In other words, at least two set of coordinates in two
planes at different orientations in space are known, which
define a position of the medical instrument, (i.e., at least one
point like the tip), in three dimensional space.

In another act of the method, the 3D coordinate is
extracted from the two sets of coordinates in the two planes.
As the planes have different and known orientation in space,
the two coordinate sets in the two planes define a position in
3D space, which is derived by coordinate transformation by
the control unit.
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In an advantageous manner, the method allows a quick
detection and 3D tracking of the medical instrument with the
magnetic resonance tomograph.

The magnetic resonance tomograph configured to execute
the method shares the benefits of the method as described
herein.

In an embodiment of the method, the method further
includes outputting the 3D position of the medical instru-
ment to a user. The 3D position may be depicted in a
3D-rendered image, a virtual reality device, or by a plurality
of 2D images from different view aspects. It is also con-
ceivable that the 3D position is output in numerical values
or coordinates.

The visual display of the coordinates eases in a beneficial
way the navigation of the medical instrument by a user.

In an embodiment of the method, the control unit deter-
mines the first reference 2D image from a plurality of first
2D projection images and/or determines the second refer-
ence 2D image from a plurality of second 2D projection
images. As discussed before, the reference 2D images shall
depict features in the tracking volume, which do not change
with the movement of the medical instrument and may be
subtracted as background from the 2D projection images to
ease detection of the medical instruments. Such reference
2D images may be derived from a plurality of 2D projection
images by selecting or filtering constant image content. In
one example, a plurality of 2D projection images may be
averaged, such that constant content adds up while changing
content is reduced. Median functions may be applied that
identify and suppress pixels changing in consequent 2D
projections. The determination may also depend on the
signal generated by the medical device. For example, a
metallic instrument causes extinction of the magnetic reso-
nance (MR) signal in a surrounding volume, while a catheter
filled with contrast agent like a Gadolinium solution may
cause a strong positive signal.

In a beneficial way, generating the reference 2D images
from 2D projection images allow a continuous update of the
background signal and saves time for separate acquisition of
reference 2D images.

In an embodiment of the method, the method further
includes acquiring a 2D slice including the medical instru-
ment by the magnetic resonance tomograph. Within this act,
the control unit determines the position of the 2D slice in
dependence of the first set of coordinates and/or second set
of coordinates. The control unit may determine a 3D coor-
dinate in space as explained before and then determine a
plane that includes the 3D coordinates of the medical
instrument, which may be provided by the coordinate of the
tip of the medical instrument and the direction of extension.
The slice to be imaged is the cross section of this plane and
the field of view.

In a beneficial way, the acquisition of the slice allows to
show the user the medical instrument together with the
environment in the body of a patient.

In another embodiment of the method, the control unit
determines the first reference 2D image by acquiring a third
2D projection image of the tracking volume in absence of
the medical instrument in the tracking volume with the
magnetic resonance tomography unit and/or determines the
second reference 2D image by acquiring a fourth 2D pro-
jection image of the tracking volume in absence of the
medical instrument in the tracking volume with the magnetic
resonance tomography unit. In other words, the reference 2D
images are acquired by the control units with separate image
acquisitions of 2D projection images. These reference 2D
images are acquired when the medical instrument is not



US 12,349,986 B2

5

present in the tracking volume, such that no signals caused
by the medical instrument are part of the reference 2D
images. The reference 2D images may be acquired in
advance to the intervention. The acquisition may be per-
formed using a fat suppressing sequence, e.g., a Dixon
sequence or a sequence using a fat saturating pre-pulse or a
water selective exciting pulse. Also, all other image improv-
ing acts explained before may be applied.

In a beneficial way, the acquisition of reference 2D
images without presence of the medical instrument eases
detection of the medical device in subsequent images.

In an embodiment of the method, the acquiring of a 2D
projection image of the tracking volume includes exciting
the spins in the tracking volume by an excitation pulse at the
same time with the same excitation pulse. This might be
caused with a narrow-band excitation pulse at Larmor
frequency in a homogeneous BO magnetic field. It is also
conceivable to use a broadband excitation pulse as a mag-
netic gradient field is applied at the same time. The band-
width of the pulse is determined by the strength of the
gradient and the dimension of the tracking volume along the
axis of the gradient. This selection of a single slice limited
to the tracking volume suppresses signals from outside the
tracking volume at least in direction of the gradient axis.

To provide a 2D projection image during readout only, a
2D encoding scheme, (e.g., phase encoding), is applied in
the sequence. By applying only encoding in two dimensions,
(e.g., x- and y-axis), there is no differentiation for the MR
signals of the volume elements along the third axis and the
MR signals of the volume elements are summed up.

In a beneficial way, with a 2D encoding, the complete
tracking volume may be acquired in a single acquisition in
a 2D projection image.

In another embodiment of the method, the defined track-
ing volume is divided by the control unit into a stack of
slices. For the cuboid described before, such slices may be
provided by splitting the cuboid by a plurality of planes
parallel to one of the surfaces of the cuboid. The planes may
be positioned equidistant, e.g., each slice having a same
thickness or dimension along the normal vector of the
planes. As the geometry of imaging with the magnetic
resonance tomograph is distorted by field inhomogeneities,
the slices may also be maps of the ideal planar planes
described before, distorted by the magnetic resonance tomo-
graphs imperfection. In certain examples, the slices are
arranged along an axe of the image acquisition such that the
hereinafter described act of projection may be performed as
easy as possible.

In another act of the method, the magnet resonance
tomograph acquires a first one-dimensional (1D) projection
for each slice. The spins to be detected in the slices are
excited by an excitation pulse with a magnetic gradient
applied in orthogonal direction to the slice. A 1D projection
is an image acquisition, wherein an encoding for spatial
resolution is only applied in one dimension. In other words,
for a two-dimensional slice, (i.e., a slice that has in direction
of thickness only a single layer of volume elements to be
acquired/imaged), an encoding is provided only along one
axis. As a result, the signal generated and acquired for any
spot along this axis represents an integral of the signals of all
volume elements of the slice along a projection line through
the axis at this spot and perpendicular to the axis in the plane
of'the slice. The value generated for each spot represents the
integral of the spins along the projection line, similar to the
electron density for of an x-ray image.

In another act of the method, the generated 1D projections
for all slices are combined to a 2D projection image by the
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control unit. Like the lines of a TV image, the lines of the
1D projections are aligned in parallel, thereby providing an
image of the stack of slices in a perspective parallel to the
slices and perpendicular to the axis.

In another act, a second 1D projection for each slice is
acquired by the magnetic resonance tomograph in a second
projection direction, wherein the first projection direction
and the second projection direction enclose an angle larger
than 45 degrees, larger than 60 degrees, larger than 80
degrees, or 90 degrees.

In another act, and in a similar way as described before,
the stack of second 1D projections is combined by the
control unit to a second 2D projection image. The perspec-
tive of the second reference image is turned relative to the
first reference image around the axis by the angle, (e.g., by
90 degrees), to provide a view from two different sides of a
cube which eases the navigation of the medical instrument
by a user.

In a beneficial way, the acquisition of single slices makes
it possible to cover also tracking volumes with large dimen-
sions.

In an embodiment of the method, the method further
includes acquiring an MR image for a 2D slice including the
medical instrument, wherein the control unit determines the
position of the 2D slice in dependence of the first set of
coordinates and/or second set of coordinates. As the position
of the medical instrument has been determined, the control
unit calculates a plane with position and orientation, such
that the medical instrument lies in the plane/slice. The
control unit acquires then a 2D image of the slice with the
magnetic resonance unit and may present the image to an
operator.

In a beneficial way, the method allows to provide 2D
images with the medical instrument updated with a high
frequency.

In an embodiment of the method, the determining of the
reference 2D images are repeated for different positions of
a patient. The position is not limited to the externally visible
position of the patient, but particularly includes a position of
organs within the tracking volume. The position of organs
may change during breathing and/or heartbeat. The different
positions may include different phases of heartbeat or
breathing. A plurality of first reference 2D images and
second reference 2D images are generated by the control
unit. As the 2D projection images are acquired at different
positions, each of the plurality of the first reference images
and of the second reference images represent a different
breathing position. In other words, a library of reference
images is prepared for a plurality of breathing and/or heart-
beat positions, for all breathing positions, and/or for all
heartbeat positions.

In a beneficial way, background information is provided
for different breathing positions that enables tracking at any
time.

In an embodiment of the method, during the removing of
the background, the control unit selects the first reference 2D
image of the plurality of first reference 2D images, which is
most similar to the first 2D projection image. “Most similar”
means that the difference between the reference image and
a target image with the medical instrument for tracking is the
least. For example, the reference image from the plurality of
reference 2D images may be chosen, for which a sum of the
squares of the difference of the pixel values between refer-
ence image and the target images is minimal. “Most similar”
may also mean that a correlation function provides the
highest value for the two images. There may also be some
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preprocessing, like displacement of the images, rotation,
scaling or adjustment of lightness and/or contrast.

In a beneficial way, the peak detection selection of the
reference with the least difference eases detection of the
medical instrument.

In an embodiment of the method, a fat suppressing
sequence is used in the acquiring of a first 2D projection
image and/or the acquiring of a second 2D projection image.
Such sequence may be a Dixon sequence or a sequence
using a fat saturating pre-pulse or a water selective exciting
pulse.

In a 2D projection image acquisition, fat accumulations
along the projection path may dominate result of the pro-
jection. In a beneficial way, a fat suppression technology
may be used to reduce the fat signal and make the medical
instrument visible in the projection.

In an embodiment of the method, a peak detection algo-
rithm is applied in the determining of a first set of coordi-
nates of the medical instrument from the first 2D image
and/or the determining of a second set of coordinates of the
medical instrument from the second 2D image. Such peak
detection algorithm may use algorithms for a simple high-
pass filter for increasing the contrast of a border, border
detection, or even a neuronal network trained with different
images of the medical instrument at different positions.
Parametrized models of the medical instruments may also be
used in an optimization with LSR to determine the position
of the medical instrument. In certain examples, the peak
detection is applied to a 2D projection image after removing
the background.

In a beneficial way, the peak detection algorithms speed
up and make the detection of the medical instrument more
reliable.

In an embodiment of the method, the medical instrument
is a catheter. A catheter may differ in the way it is imaged by
the magnetic resonance tomography unit. Instead of extinc-
tion of the signal by metal, a contrast agent in the catheter
may provide a strong signal. In a beneficial way, the method
is independent on the kind of signal.

The tomography unit is configured to perform the method
as described herein. The magnetic resonance tomography
unit may be configured to perform the method by loading a
computer program product from a storage media into a
memory of the control unit and executing the program.

The characteristics, features, and advantages described
above and also the manner in which these are achieved
become clearer and easier to understand in conjunction with
the description given below of the embodiments, which are
explained in greater detail in conjunction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts an example of a schematic diagram of a
magnetic resonance tomography unit.

FIG. 2 depicts an example of a flow chart of the method.

FIG. 3 depicts an example of a schematic view of a
tracking volume with a trajectory.

FIG. 4 depicts an example of a schematic view of a 1D
projection of a slice.

FIG. 5 depicts an example of a schematic view of a
projection of the trajectory onto a x-z-plane.

FIG. 6 depicts an example of a schematic view of a
projection of the trajectory onto a y-z-plane.

FIG. 7 depicts an example of a schematic view of a 2D
image projection using 2D encoding.

DETAILED DESCRIPTION

FIG. 1 shows a schematic diagram of a form of embodi-
ment of a magnetic resonance tomography unit 1.

10

15

20

25

30

35

40

45

50

55

60

65

8

The magnet unit 10 has a field magnet 11, which generates
a static magnetic field BO for alignment of nuclear spins of
samples or patients 100 in a recording region. The recording
region is arranged in a patient tunnel 16, which extends in
a longitudinal direction 2 through the magnet unit 10. A
patient 100 may be moved by the patient couch 30 and the
drive unit 36 of the patient couch 30 into the recording
region. The field magnet 11 may involve a superconducting
magnet, which may provide magnetic fields with a magnetic
flux density of up to 3T, with the very latest devices of even
more. For lower field strengths however permanent magnets
or electromagnets with normally conducting coils may be
employed.

The magnet unit 10 furthermore has gradient coils 12,
which are designed, for spatial differentiation of the
recorded imaging regions in the examination volume, to
superimpose variable magnetic fields in three spatial direc-
tions on the magnetic field BO. The gradient coils 12 may be
coils made of normally conducting wires, which may gen-
erate fields orthogonal to each other in the examination
volume.

The magnet unit 10 likewise has a body coil 14 configured
to radiate a radio-frequency signal supplied via a signal line
into the examination volume and to receive resonant signals
emitted by the patient 100 and output them via a signal line
33. In one example, however, the body coil 14 is replaced,
for sending out the radio-frequency signals and/or receiving
them, by the local coil 50, which is arranged in the patient
tunnel 16 close to the patient 100. It is also conceivable,
however, for the local coil 50 to be configured for sending
and receiving, and therefore a body coil 14 may be omitted.

A control unit 20 supplies the magnet unit 10 with the
various signals for the gradient coils 12 and the body coil 14
and evaluates the received signals. A magnetic resonance
tomography unit controller 23 coordinates the subunits in
this case.

The control unit 20 has a gradient control 21 configured
to supply the gradient coils 12 via supply leads with variable
currents, which provide the desired gradient fields coordi-
nated in time in the examination volume.

The control unit 20 furthermore has radio-frequency unit
22 configured to generate a radio-frequency pulse with a
predetermined timing curve, amplitude, and spectral power
distribution to excite a magnetic resonance of the nuclear
spins in the patient 100. In this case, pulse powers in the
range of kilowatts may be achieved. The individual units are
linked to one another via a signal bus 25.

The radio-frequency signal generated by the radio-fre-
quency unit 22 is conveyed via a signal connection to the
body coil 14 and emitted into the body of the patient 100 in
order to excite the nuclear spins there. Also conceivable is
an emission of the radio-frequency signal via one or more
coil windings of the local coil 50.

The local coil 50 then may receive a magnetic resonance
signal from the body of the patient 100, wherein, because of
the short distance, the signal-to-noise ratio (SNR) of the
local coils 50 is better than a receipt by the body coil 14. The
MR signal received by the local coil 50 is preprocessed in
the local coil 50 and forwarded to the radio-frequency unit
22 of the magnetic resonance tomography unit 1 for evalu-
ation and image acquisition.

The signal connection between local coil 50 and magnetic
resonance tomography unit 1 may be via a signal line 33 or
wireless.

The medical instrument 60 may be guided by an operator
using the imaging capabilities of the magnetic resonance
tomography unit 1 with the method as discussed below.
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FIG. 2 shows a flow chart of an embodiment of the
method for tracking a medical instrument.

The method is executed by a magnetic resonance tomog-
raphy unit including 1 a control unit 20 configured to
perform the image acquisition with the magnetic resonance
tomography unit 1 and, e.g., the method as described herein.

In act S10, a tracking volume 70 is defined by the control
unit 20, which encloses a predefined trajectory 71. The
trajectory 71 may be derived from a 3D model of the patient
100 by an operator. The trajectory 71 may be a linear path
between an entrance point and a target destination in the
body of a patient 100. The trajectory 71 may also be curved,
e.g., in case the medical instrument is a catheter, and it is
delimited by a vessel of a patient. A tracking volume 70 may
be defined by a cuboid with the coordinates of the corners
given by the minima and maxima of the X, y, z-coordinates
of all points along the trajectory 71.

In act S20, a first 2D projection image of the tracking
volume in presence of the medical instrument is acquired by
the control unit 20 using the magnetic resonance tomogra-
phy unit 1. A 2D projection image is an image, which depicts
a 3D volume by an 2D image in a plane or piece of a plane
by a projection of volume elements along a projection vector
or projection direction onto the plane. Two exemplary
different ways of acquiring such 2D image projections
explained in the following paragraphs.

A 2D projection image may be acquired by first providing
1D projections of multiple slices of a volume and combining
then these 1D projections to a 2D projection image.

In act S21, the tracking volume 70 is therefore divided
into a stack of slices 72 by the control unit 20. A slice 72 may
be a two-dimensional layer of volume elements to be
imaged, e.g., arranged in a plane. The plane may be distorted
or warped by non-linearities of the gradient system. The
stack of slices 72 may be arranged along the longitudinal
direction 2 along the z-axis parallel to the BO magnetic field,
wherein the planes of the slices 72 are perpendicular to the
z-axis. Any other orientation of the stack is considerable,
e.g., along x-axis or y-axis or any linear combination
thereof.

In certain examples, the slices 72 of a stack are of equal
thickness and/or the planes are arranged at equal distance
and fully cover the tracking volume 70 such that there is no
place inside the tracking volume 70 that is not included
when acquiring MR data for all volume elements 73 of the
slices 72.

In FIG. 3, such an exemplary stack of slices 72 is shown.
For simplicity of the drawing, the slices are arranged in
parallel to the x-y-plane of the coordinate system and the
stack of slices 72 is arranged along the z-direction. Only a
single volume element 73 is shown, but each of the slices is
fully covered by a matrix of such volume elements 73.

In act S22, the control unit 20 acquires a first 1D projec-
tion for each slice 72, using the magnetic resonance tomog-
raphy unit 1.

An example of a 1D-projection is shown in FIG. 4 for a
single slice 72. The slice 72 is arranged parallel to the
x-y-plane. Such a slice 72 may be captured by sending an
excitation pulse for a narrow frequency band while a z-gra-
dient magnetic field is applied by the control unit 20 using
the gradient coils. The position along the z-axis is defined by
the center frequency of the pulse while thickness of the slice
72 along the z-axis is defined by the bandwidth of the pulse.

In the example of FIG. 4, only a one-dimensional encod-
ing is applied to the slice 72 such that MR signals with the
same x-coordinate experience the same phase shift, inde-
pendently from the y-coordinate. In the readout, all MR
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signals from a column with same x-coordinate are summed
up. Signals deriving from different y-coordinates are
summed up and cannot be separated anymore. This is similar
to a simple x-ray image, summing up the attenuation factors
of'all volume elements along the direction of the x-ray beam,
here equal to the y-axis. Thereby, each slice 72 is reduced to
an image line 74 of pixels, similar to the lines on an old
cathode ray tube.

In act S23, the stack of first 1D projections is combined
by the control unit 20 to a first 2D reference image.
Following the example of FIG. 4, the resulting image lines
74 in are arranged in parallel to each other in the x-z-plane
such that the pixel elements of each image line 74 in
x-direction together with the neighboring pixels of the other
slices 72 complement to a two-dimensional image in the
x-z-plane. In a beneficial way, the image provides x-z
coordinates for any object in the slices 74 above the x-z-
plane independent from the y coordinate in the slices 74 by
the projection along the y-axis.

In acts S32 and S33, the acts S22 and S23 are repeated
with another coordinate system, e.g., the roles of x and y axis
may be swapped such that the slices are projected along the
x-axis onto an image line 74 extending along the y-axis, as
shown in FIG. 6. This is equivalent to a rotation of the
coordinate system around the z-axis by 90 degrees. The idea
behind is that the projections in two different directions each
provide a pair of two coordinates for each point projected.
If the projection directions are not parallel and may include
an angle larger than 45 degrees, larger than 60 degrees, or
equal to 90 degrees, the two pairs of two-dimensional
coordinates in the projections may be used to determine a
three-dimensional coordinate of each point projected.

Alternatively, a 2D projection image may also be acquired
with 2D encoding. As shown in FIG. 7, the tracking volume
70 may also be seen as a single slice, which is subdivided in
columns in the x-y-axis extending in z-direction through the
slice. In a similar way, a single slice may be defined in the
y-z-plane with columns extending in x-direction.

For the 2D encoding, all spins to be imaged in the slice
have to be excited first by an excitation pulse. This may be
achieved in acts S25 and S35 by a narrowband pulse at the
Larmor frequency in absence of magnetic gradient field. But
in this case, also spins outside the tracking volume 70 may
be excited and contributed to the MR signal. Alternatively,
the excitation may be limited to the thickness of the single
slice by applying a broadband excitation pulse, wherein the
bandwidth is determined by the applied magnetic gradient in
direction of the thickness of the slice and the thickness.

The 2D projection is then acquired by reading out the MR
signals for the tracking volume by applying a 2D encoding
in acts S26 and S36. The encoding scheme may be a 2D
phase encoding.

A second 2D projection image is acquired in acts S35 and
S36, wherein at least act 36 differs from act S26 by the plane
in which the 2D-encoding is provided. The resulting two 2D
projection images show the tracking volume from two
aspect directions that enclose an angle larger than 30
degrees, larger than 60 degrees, or equal to 90 degrees.

In the examples of FIGS. 5 and 6, the 2D projection
images of FIG. 5 provides x-z-coordinates and FIG. 6
y-z-coordinates such that for an object, which may be
identified unambiguously in both projections, the coordi-
nates X, y, and z are directly given. For planes at other angles
to each other and other orientation to the coordinate system
of %, y, and z, a coordinate transformation by a matrix may
be necessary.
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In act S40, a first reference 2D image is determined by the
control unit 20. There are different options how the control
unit 20 may perform this act.

A separate 2D projection image may be acquired as
explained before in regard to acts S20 and S30, but in
absence of the medical instrument, such that the reference
2D image only depicts the patient 100.

It is also conceivable, that the control unit 20 provides a
library of reference 2D images by acquiring a series of 2D
projection images at different positions of the patient 100.
The position is not limited to the body surface of the patient
100 but is in particular related to the organs of the patient
100 in the tracking volume, which may change their posi-
tion, e.g. as the patient breaths or with the heartbeat. The
library or atlas of 2D reference images may cover different
phases of the heartbeat and/or breathing cycle.

It is also conceivable that the control unit 20 makes use of
already acquired 2D projection images for determining a
background image. As the position of the medical instru-
ment 60 changes during tracking the instrument, the control
unit may filter out constant parts of the 2D projection images
to retrieve a background. This may be achieved by averaging
a plurality of images or applying a median function. Also, a
filter may be applied which reflects the way how the medical
instrument is imaged by the magnetic resonance tomography
unit 1, e.g., signal extinction.

In a similar way, in act S50, the control unit 20 determines
a second reference 2D image or a library of reference 2D
images. The difference is the projection direction or view
angle. While the first reference 2D image in act S40 depicts
the tracking volume 70 at the same view angle and provides
a 2D projection image at the same projection direction than
the first 2D projection image, the second 2D reference image
depicts the tracking volume 70 at the same view angle than
the second 2D reference image.

In act S60, the control unit 70 suppresses the background
from the first 2D projection image as a function of the first
reference 2D image. The control unit 70 may subtract the
pixel values of the reference 2D image from the 2D projec-
tion image. The reference 2D image may be scaled or
distorted before to adjust variations in the image acquisition.
The preprocessing may be parametrized and the parameters
may be optimized for minimum energy of the resulting
differential image.

When a library or atlas of reference 2D images has been
acquired for different positions of the patient, the control
unit may first select a reference 2D image for background
removal from the library which is next to the first 2D
projection image. Next may be measured by a metric that
may be provided by a correlation function between 2D
projection image and reference 2D image or a minimum
energy of a difference image.

The removal of the background, which may include the
organs of the patient 100 in the tracking volume, simplifies
the next act.

In act S61, a first set of coordinates of the medical
instrument from the first 2D image by the control unit.

After the removal of the background, the remaining 2D
differential image basically shows the medical instrument 60
or artefacts caused by the medical instrument. A pixel
belonging to the medical instrument 60 may be e.g. detected
by the fact that the pixel value differs from the average
image offset.

The coordinates of the pixels in the image matrix with the
signal from the medical instrument 60 define thereby also
two coordinates of the medical instrument 60 in the tracking
volume. The 2D differential image may also be preprocessed
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by a filter, e.g., a high pass filter to increase the contrast of
the edges of the medical instrument. Also a parametrized
model for the medical instrument 60 may be fitted to the 2D
differential image to determine the coordinates in act S61.

In a similar way, in act S70, the control unit 20 suppresses
the background from the second 2D projection image using
the second reference 2D image and, in act S71, determines
a second set of coordinates from a second 2D differential
image retrieved from the second 2D projection image and
the second reference 2D image.

In act S80, a set of 3D coordinates is determined from the
two sets of 2D coordinates. For an orthogonal coordinate
system and the planes of the first 2D projection image
arranged, e.g., in the x-y-plane and y-z-plane, the values of
the x-y-z coordinates may be derived directly from the
coordinates in the planes. For other coordinates, a coordinate
transformation may be necessary or solving a linear equation
system. It is also conceivable that the coordinates of a
plurality of points of the medical instrument 60 are deter-
mined in the same way.

The determined 3D position is output in act S90 by the
control unit 70 to an operator. The position may be depicted
on a display in different 2D projections under different view
angles. A 3D image may be rendered using the 3D position
or a virtual reality showing the medical instrument 60 and
the organs in the tracking volume. It is also conceivable to
output the 3D coordinates numerically.

In act S100, the control unit 20 may determine a position
of a slice which includes the medical instrument 70, acquire
an MR image of the slice, and show the image on a display
to the operator.

It is to be understood that the elements and features
recited in the appended claims may be combined in different
ways to produce new claims that likewise fall within the
scope of the present disclosure. Thus, whereas the dependent
claims appended below depend on only a single independent
or dependent claim, it is to be understood that these depen-
dent claims may, alternatively, be made to depend in the
alternative from any preceding or following claim, whether
independent or dependent, and that such new combinations
are to be understood as forming a part of the present
specification.

While the present disclosure has been described above by
reference to various embodiments, it may be understood that
many changes and modifications may be made to the
described embodiments. It is therefore intended that the
foregoing description be regarded as illustrative rather than
limiting, and that it be understood that all equivalents and/or
combinations of embodiments are intended to be included in
this description.

The invention claimed is:

1. A magnetic resonance tomography unit for tracking a
medical instrument, the magnetic resonance tomography
unit comprising:

a controller configured to:

define a tracking volume enclosing a predefined trajec-
tory;

acquire a first two-dimensional (2D) projection image
of the tracking volume in presence of the medical
instrument with the magnetic resonance tomography
unit;

acquire a second 2D projection image of the tracking
volume in presence of the medical instrument with
the magnetic resonance tomography unit, wherein a
first projection vector of the first 2D projection
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image and a second projection vector of the second
2D projection enclose an angle larger than 20
degrees;

determine a first reference 2D image;

determine a second reference 2D image;

suppress a background from the first 2D projection
image as a function of the first reference 2D image
to provide a background suppressed first 2D image;

determine a first set of coordinates of the medical 0

instrument from the background suppressed first 2D
image;

suppress a background from the second 2D projection
image as a function of the second reference 2D
image to provide a background suppressed second
2D image;

determine a second set of coordinates of the medical
instrument from the background suppressed second
2D image; and

determine a three-dimensional (3D) position of the
medical instrument from the first set of coordinates
and the second set of coordinates.

2. The magnetic resonance tomography unit of claim 1,
wherein the controller is further configured to output the 3D
position of the medical instrument to a user.

3. The magnetic resonance tomography unit of claim 1,
wherein the first reference 2D image is determined from a
plurality of first 2D projection images, and/or

wherein the second reference 2D image is determined

from a plurality of second 2D projection images.

4. The magnetic resonance tomography unit of claim 1,
wherein the first reference 2D image is determined by
acquiring a third 2D projection image of the tracking volume
in absence of the medical instrument in the tracking volume
with the magnetic resonance tomography unit, and/or

wherein the second reference 2D image is determined by

acquiring a fourth 2D projection image of the tracking
volume in absence of the medical instrument in the
tracking volume with the magnetic resonance tomog-
raphy unit.

5. The magnetic resonance tomography unit of claim 1,
wherein the controller is further configured to acquire a 2D
projection image of the tracking volume by transmitting an
excitation pulse for exciting spins in the tracking volume
and acquiring a 2D image by reading out magnetic reso-
nance (MR) signals from the tracking volume with a 2D
encoding.

6. The magnetic resonance tomography unit of claim 1,
wherein the controller is further configured to acquire a 2D
projection image of the tracking volume by:

dividing the tracking volume into a stack of slices;

acquiring a first one-dimensional (1D) projection for each

slice in a first projection direction with the magnetic
resonance tomography unit;

combining a stack of first 1D projections to the first 2D

projection image;

acquiring a second 1D projection for each slice in a

second projection direction with the magnetic reso-
nance tomography unit, wherein the first projection
direction and the second projection direction enclose an
angle larger than 45 degrees; and

combining a stack of second 1D projections to the second

2D projection image.

7. The magnetic resonance tomography unit of claim 1,
wherein the controller is further configured to:

acquire a magnetic resonance (MR) image for a 2D slice

comprising the medical instrument; and
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determine the position of the 2D slice in dependence of
the first set of coordinates and/or second set of coor-
dinates.
8. The magnetic resonance tomography unit of claim 1,
5 wherein the controller is further configured to provide a
plurality of first reference 2D images and/or a plurality of
second reference 2D images by repeating the determination
of a first reference 2D image and/or the determination of a
second reference 2D image at different positions of a patient,
and
wherein each first reference 2D image of the plurality of
the first reference 2D images and/or each second ref-
erence 2D image of the plurality of second reference
2D images represents a different position of the patient.

9. The magnetic resonance tomography unit of claim 8,
wherein the controller is further configured to:

select for removing the background the first reference 2D

image of the plurality of first reference 2D images that
is most similar to the first 2D image; and/or

select for removing the background from the second

reference 2D image of the plurality of second reference
2D images that is most similar to the second 2D image.
10. The magnetic resonance tomography unit of claim 1,
wherein the controller is further configured to select a fat
suppressing sequence for acquiring a 2D projection image.
11. The magnetic resonance tomography unit of claim 1,
wherein the controller is configured to:
determine the first set of coordinates of the medical
instrument from the background suppressed first 2D
image using a peak detection algorithm; and/or

determine the second set of coordinates of the medical
instrument from the background suppressed second 2D
image using the peak detection algorithm.

12. A method for tracking a medical instrument with a
magnetic resonance tomography unit comprising a control-
ler, the method comprising:

defining, by the controller, a tracking volume enclosing a

predefined trajectory;

acquiring a first two-dimensional (2D) projection image

of the tracking volume in a presence of the medical
instrument with the magnetic resonance tomography
unit;

acquiring a second 2D projection image of the tracking

volume in presence of the medical instrument with the
magnetic resonance tomography unit, wherein a first
projection vector of the first 2D projection image and a
second projection vector of the second 2D projection
enclose an angle larger than 20 degrees;

determining, by the controller, a first reference 2D image;

determining, by the controller, a second reference 2D

image;

suppressing, by the controller, a background from the first

2D projection image as a function of the first reference
2D image to provide a background suppressed first 2D
image;

determining, by the controller, a first set of coordinates of

the medical instrument from the background sup-
pressed first 2D image;

suppressing, by the controller, a background from the

second 2D projection image as a function of the second
reference 2D image to provide a background sup-
pressed second 2D image;

determining, by the controller, a second set of coordinates

of the medical instrument from the background sup-
pressed second 2D image; and
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determining, by the controller, a three-dimensional (3D)
position of the medical instrument from the first set of
coordinates and the second set of coordinates.

13. The method of claim 12, wherein the determining of
the first 2D reference image and the determining of the
second 2D reference image are repeated at different posi-
tions of a patient to provide a plurality of first reference 2D
images and a plurality of second reference 2D images that
represent different positions of the patient, and

wherein during the suppressing of the background from

the first 2D projection image, the controller selects a
first reference 2D image of the plurality of first refer-
ence 2D images that is most similar to the first 2D
image, and/or

wherein during the suppressing of the background from

the second 2D projection image, the controller selects
a second reference 2D image of the plurality of second
reference 2D images that is most similar to the second
2D image.

14. The method of claim 12, wherein the medical instru-
ment is a catheter.

15. A computer program product comprising a computer
program configured to be directly loaded into a controller of
a magnetic resonance tomography unit, wherein the com-
puter program, when executed by the controller, is config-
ured to cause the controller to:
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define a tracking volume enclosing a predefined trajec-
tory;

acquire a first two-dimensional (2D) projection image of
the tracking volume in a presence of a medical instru-
ment;

acquire a second 2D projection image of the tracking
volume in the presence of the medical instrument,
wherein a first projection vector of the first 2D projec-
tion image and a second projection vector of the second
2D projection enclose an angle larger than 20 degrees;

determine a first reference 2D image;

determine a second reference 2D image;

suppress a background from the first 2D projection image
as a function of the first reference 2D image to provide
a background suppressed first 2D image;

determine a first set of coordinates of the medical instru-
ment from the background suppressed first 2D image;

suppress a background from the second 2D projection
image as a function of the second reference 2D image
to provide a background suppressed second 2D image;

determine a second set of coordinates of the medical
instrument from the background suppressed second 2D
image; and

determine a three-dimensional (3D) position of the medi-
cal instrument from the first set of coordinates and the
second set of coordinates.
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